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Abbreviations: BAC, bacterial artificial chromosome; BC, backcross population; CAPS, cleaved amplified polymorphic sequence; CDS, coding sequence; EST, expressed sequence tag; FISH, fluorescence in-situ hybridization; GO, gene ontology; HTC, high throughput cDNA sequence; INSD, International Nucleotide Sequence Databases; NCBI, National Center for Biotechnology Information; ORF, open reading frame; RFLP, restriction fragment length polymorphism; SGN, The Solanaceae Genome Project Network; SOL, International Solanaceae Genome Project; SNP, single nucleotide polymorphism; SSR, simple sequence repeat; TAIR, The Arabidopsis Information Resource; TIGR, The Institute for Genomic Research. This article can be found at http://www.jspcmb.jp/ a Present address: Agricultural Bioinformatics Receach Unit, Graduate Scool of Agricultural and Life Sciences, The University of Tokyo, Yoyogi 1-1-1, Bunkyo-ku, Tokyo 113-8657 Japan. Tuskan et al. 2006) and are available online. Sequence comparisons allow us to identify tomato genes that have no orthologue (counterpart) in these plants. Information on such tomato genes facilitates elucidation of gene functions and metabolic pathways that are characteristic of tomato and the Solanaceae family. Information concerning various biological aspects such as functional annotations of genes and gene products, intron-exon structures, gene expressions and metabolic pathways is available from various tomatorelated web sites. These public data advance not only functional genomics but also the emerging field of systems biology. Pioneer studies and developments in tomato functional genomics were well covered in previous reviews (e.g., Fray and Grierson 1993; Mysore et al. 2001; Rick 1991; Shibata 2005) . Here, we review the current status of tomato databases that provide information on the tomato genome sequencing project, coding sequences (CDS) with complete sequencing of full-length cDNA clones, ESTs, non-redundant sequence sets derived from ESTs, gene expressions, microarray platforms and metabolic pathways. The web sites mentioned in this article are summarized in Table 3 .
The international tomato genome sequencing project
The Solanaceae Genome Project Network (SGN) provides information relevant to the tomato genome sequencing project such as linkage maps containing DNA markers, bacterial artificial chromosome (BAC) clones anchored to these linkage maps (called "seed BAC" clones) and BAC sequences with genomic and functional annotations as described below.
Linkage maps with DNA markers
Information on tomato linkage maps containing DNA markers is available from SGN and the National Center for Biotechnology Information (NCBI). SGN provides four maps that were constructed by using segregation populations and inbred lines derived from crossings between tomato cultivars and closely-related wild species. Restriction fragment length polymorphisms (RFLPs), single nucleotide polymorphisms (SNPs), cleaved amplified polymorphic sequence (CAPS) and simple sequence repeats (SSRs) are included in these maps. Currently, the map "Tomato-EXHIR 1997", derived from the interspecific backcross of cultivar TA209 (E6203) with a backcross population (BC) of S. habrochaites (formerly L. hirsutum) LA1777, contains 134 RFLP markers (Bernacchi and Tanksley 1997) . "Tomato-EXPEN 1992", based on an F 2 population from cultivar VF36-Tm2a and S. pennellii (formerly L. pennellii) LA716, has two CAPS and 919 RFLP markers Tanksley et al. 1996; Doganlar et al. 2002) . NCBI provides four linkage maps "Genetic map, 1992" with 239 markers, "L. esculentum ϫ L. pennellii; 1986" with 112 markers (Bernhatzky and Tanksley 1986) , "L. esculentum ϫ L. pennellii; 1992" with 1054 markers (Tanksley et al. 1992 ) and "L. esculentum ϫ L. pennellii; 2000" with 126 markers (Fulton et al. 2000) .
SGN and NCBI provide map viewers that show relationships between the different linkage maps.
Bacterial artificial chromosomes and physical maps SGN provides BAC information, including physical maps. For physical mapping and whole-genome sequencing of tomato, the first BAC library was constructed from the tomato cultivar Heinz 1706 using a HindIII partial digestion of megabase-size DNA (Budiman et al. 2000 ). This BAC library represents a 15.0-fold coverage of the tomato haploid genome and contains 129,024 clones, with an average insert size of 117.5 kb. For genome sequencing, 88,642 BACs from this library were used to generate fingerprints at the Arizona Genome Institute (Mueller et al. 2005b ; http://www.sgn.cornell.edu/cview/map.pl?map_idϭ9& physicalϭ1). The fingerprints are used in selecting subsequent BACs for BAC-by-BAC sequencing. To anchor BACs to the linkage map "Tomato-EXPEN 2000" and construct a tomato physical map , DNA fragments from the fingerprinted BACs were hybridized to 1536 overlapping oligonucleotide (called "overgo") probes (Cai et al. 1998 ) generated from markers mapped on the current high density linkage map. The overgo probes that matched to one or more BACs are referred to as "anchor points". Currently, more than 650 anchor points are available. The anchored BAC clones (called 'seed BAC clones') have been sequenced as the start point of the tomato genome sequencing project.
SGN also provides information on the use of fluorescence in-situ hybridization (FISH) mapping to verify the linkage and physical maps. A FISH map has been constructed by using the pachytene phase chromosomes with labeled BAC probes (Mueller et al. 2005b ; http://www.sgn.cornell.edu/cview/map.pl?map_ id=13). Currently, 43 BACs (markers) have been linked to the FISH map.
Genomic sequences and annotations SGN provides up-to-date information on the progress of the genome sequencing project (Fig. 1) . Approximately 1500 seed BAC clones will be anchored to the tomato high density genetic map to help guide the genome sequencing (Mueller et al. 2005b) .
Information provided by SGN includes the genomic sequences, exons inferred from computational methods, homologous sequences of tomato ESTs, tomato unigenes (described below), Arabidopsis protein sequences and potato ESTs. Genomic sequences, BAC end sequences and homologous sequences are graphically visualized with the multiple alignment viewer "Genome browser (Gbrowse)" (Stein et al. 2002) . Putative intron-exon stuructures in the tomato genome are also provided by the database KaFTom as described below. 
Full-length cDNA sequences
Information on tomato full-length cDNA clones is provided by INSD and KaFTom. Full-length cDNA clones are fundamental resources for molecular biology experimental investigations of gene functions, as well as for detection of intron-exon structures in genomes. With the vector-capping protocol developed by Kato et al. (2005) , the first tomato full-length cDNA libraries were constructed from the fruit of the miniature tomato cultivar Micro-Tom . Micro-Tom has attracted attention as a model tomato plant for genomic studies because it is small (10-20 cm in height), has a short life cycle (70-90 days), and grows well at densities as high as 1357 plants/m 2 (Meissner et al. 1997 ) and even in ordinary laboratory spaces (Shibata 2005) . Full-length cDNA libraries have been constructed from the fruit at different developmental stages and from pathogen-treated leaves of Micro-Tom.
To date, 57,422 ESTs and 320 draft full-length sequences (high throughput cDNA sequences; HTCs) have been deposited into INSD (September, 2006) . Their InterProScan (Zdobnov and Apweiler, 2001 ) and BLAST (Altschul et al. 1990) annotations are available from KaFTom. KaFTom also provides information on predicted intron-exon structures in the tomato genome. The intron-exon structures are detected from comparisons between tomato HTCs and tomato genomic sequences made by using est2genome (Mott 1997 ; http://emboss.sourceforge.net/) and BLASTN.
Expressed sequence tags and unigenes
Information on tomato ESTs and a non-redundant sequence set derived from ESTs are provided by INSD and other public databases. ESTs generated from cDNA libraries give us information on transcript sequences and expression patterns in tissues and organs at various developmental stages. Currently, INSD provides information on 201,033 tomato ESTs (Table 1) totalling approximately 100 million bases. By assembling EST sequences, ESTs that appear to come from the same locus produce a consensus sequence, and a nonredundant consensus sequence set is obtained. Availability of non-redundant consensus sequences allows us to use computational approaches such as homology searches and functional annotations to analyze for putative gene functions. Several different notations, such as "unigenes", "Unigenes", "UNIGENEs" and "tentative consensus (TC)", are in use to refer to a nonredundant sequence set.
Information on tomato unigene sequences is provided in the TIGR Tomato Gene Index database (Lee et al. 2005) , the Solanaceae Genome Project Network (SGN) (Mueller et al. 2005b ) and the database MiBASE (Yano et al. 2006a , predicted peptide sequences and InterProScan annotations (including domains, GO terms and gene families). DNA markers are searchable with the graphical chromosome maps described above.
MiBASE provides information on 26,363 tomato unigenes (version January, 2005) assembled from 150,581 publicly available ESTs in dbEST (Boguski et al. 1993 ) and 35,824 Micro-Tom ESTs from fruit and leaves (Yamamoto et al. 2005; Yano et al. 2006a ). In MiBASE, BLAST annotations based on the Arabidopsis translated protein sequence database in TAIR and the TIGR Gene Indices of rice, soybean (Glycine max), maize (Zea mays) and tomato have been released, as well as annotations from the NCBI nr database. MiBASE also contains 1935 putative SNPs between Micro-Tom and other inbred tomato lines (cultivars E6203, R11-13, Rio Grande PtoR, R11-12 and a wild relative, S. pennellii TA56), obtained by comparing relevant EST sequences. 409 SSRs provided in MiBASE were identified using a Perl script (Temnykh et al. 2001 ) customized for searching the unigene sequences. The current version of MiBASE contains information on unigenes, DNA markers, EST libraries, BLAST annotations, GO terms, metabolic pathways, and gene expressions obtained from Micro-Tom cDNA arrays (described below).
NCBI has released the database UniGene (Wheeler et al. 2003) , which provides accession numbers of ESTs that appear to come from the same locus. In the UniGene database, each unigene (cluster) entry (nucleotide sequences, including ESTs) includes other data such as protein similarities. The current version of UniGene (Lycopersicon esculentum: UniGene Build #25) contains 12,847 tomato unigenes constructed from 167,689 EST sequences.
For tomato researchers, it can sometimes be confusing that four different unigene sets of tomato are available in the public domain. The differences between unigene sequences available at the TIGR Tomato Gene Index, SGN and MiBASE are caused by differences in the respective computational methods used for unigene construction. The fact that these methods still need improvement should be kept in mind when using these databases. By contrast, NCBI's UniGene does not provide consensus unigene sequences. Instead, UniGene is updated weekly or monthly, thus providing more recent entry information (accession numbers) for each unigene (cluster). Despite these issues, however, unigene sequences serve as a very useful basis for analyzing ORFs, sequence similarities, and functional domains in protein sequences.
Gene expression data
Gene expression data obtained from tomato cDNA microarray experiments are also available in public databases. The Center for Gene Expression Profiling (CGEP) provides information on the tomato cDNA microarrays TOM1, which were constructed with approximately 12,000 probes (Alba et al. 2004) . BLAST annotations and SGN unigene names are provided for each probe. The 5Ј and 3Ј end sequences of the cDNA clones used to construct TOM1 are searchable in the SGN database. The tomato microarray expression database (TED) (Fei et al. 2006) provides expression data obtained through the use of TOM1. Currently, TED allows users to search expression data from 15 sets of experiments, including annotations, unigene names, sequence similarities and expression patterns. Hierarchical clustering, k-means clustering and self organizing map (SOM) analysis can be also performed against the experimental data in TED. The search function in TED also allows users to obtain information on ascorbate content during fruit development and which probes show similar or inverse expression patterns with reduced ascorbate during development.
MiBASE provides experimental data obtained from cDNA arrays that were constructed from Micro-Tom cDNA clones. From fruit and leaf Micro-Tom cDNA libraries containing 37,972 cDNA clones, Yano et al. (2006b) selected 10,905 cDNA clones as being representative of non-redundant sequences for constructing cDNA arrays. The current version of MiBASE contains BLAST annotations for each probe and the expression data for samples from leaves and fruit. Gene expression data from two sets of experiments can be searched by querying with clone names, annotation keywords, GO terms or expression patterns.
Due to the high level of sequence similarity between potato (Solanum tuberosum) and tomato, many samples from tomato hybridize strongly to potato microarrays. The Solanaceae Gene Expression Database (SGED) provides tomato gene expression data obtained from the potato cDNA microarrays "TIGR Potato cDNA Array". These microarrays contain 15,264 potato cDNA clones. The current version of SGED provides tomato gene expression data from 10 sets of experiments.
The microarray experiment databases GEO (Barrett et al. 2005) at NCBI and ArrayExpress (Parkinson et al. 2005) at European Bioinformatics Institute (EBI) contain tomato gene expression data from six sets of experiments obtained by using different platforms such as "Cornell-CGEP Tomato 13K TOM1" and "Potato 10k cDNA array".
Recently, Affymetrix, Inc. (Affymetrix, Santa Clara, CA) released the GeneChip® Tomato Genome Array, which consists of over 10,000 probes synthesized based on transcripts. Lycopersicon esculentum UniGene Build #20 (October 3, 2004) in UniGene was used to design this array.
As described here, several platforms are available for monitoring tomato gene expression. Relational tables for accession numbers in INSD and probes for each platform will facilitate sharing and exchange of experimental data obtained from different platforms.
Metabolite and metabolic pathways
Public databases providing metabolic pathway and metabolite information in tomato are starting to become available. KEGG has released the metabolic pathway database PATHWAY, which includes over 200 metabolic pathways of tomato (Kanehisa et al. 2004) . Recently, SGN released a tomato metabolic pathway database LycoCyc, part of the BioCyc collection of databases (Karp et al. 2005) . The current version of LycoCyc includes 271 pathways with 833 compounds and 21,546 genes. MiBASE also provides information on tomato putative metabolic pathways, inferred from sequence similarities between tomato and Arabidopsis genes, that are related to Arabidopsis metabolic reactions listed in the databases AraCyc and KEGG. Tomato metabolite profiles of ascorbate, carotenoids and sugars are collected into the Tomato Metabolite Database (TOMET), which is aimed at helping elucidate correlations between metabolite accumulations and gene expressions. Data from liquid chromatography-mass spectrometry (LC-MS)-based metabolomics of tomato fruit recently became available in the Metabolome Tomato Database (MoTo DB), including retention times and calculated masses of tomato metabolites detected by LC-MS (Moco et al. 2006 ).
Other databases
Tomato Genetics Resource Center (TGRC) provides information on wild relatives, monogenic mutants and miscellaneous genetic stocks of tomato. Plant ontology (PO) (The Plant Ontology Consortium, 2002) terms, which describe plant structures and growth and developmental stages, are available for Arabidopsis, rice and maize. PO annotation efforts in tomato are ongoing (Jaiswal et al. 2005) . Munich Information Center for Protein Sequences (MIPS) is currently developing its tomato genome database TomDB. Phenotypes of tomato mutant lines will be provided in a database maintained by the Japan Solanaceae Consortium (Yamazaki Y and Ezura H, personal communication).
